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Abstract. We have measured the physical properties of polar coronal holes 
frora the niinirQurQ activity phase of solar cycle 23 (1996-1997) to the present 
OO \ minimum of solar cycle 24 (2007-2009) using the UVCS instrument on SOHO. 

Observations in H I Lyman alpha (121.6 nm) and O VI (103.2, 103.7 nm) provide 
spectroscopic diagnostics of proton and 0^+ bulk outflow velocities and velocity 
distributions as a function of heliocentric distance above the poles of the Sun. 
These observations have allowed us to follow the changes in the physical prop- 
erties of the polar coronal holes during solar cycle 23 and its approach to the 
r^ \ current minimum. Recent ground- and space-based observations have reported 

O |. a variety of phenomena associated with the current minimum. We present the 

comparison of observed oxygen line intensities, line ratios, and profiles for polar 
coronal holes at both minima and during solar cycle 23 and show how this new 
minimum manifests itself in the ultraviolet corona. The comparison of the physi- 
^ ■ cal properties of these two minima as seen by UVCS in the extended corona, now 

possible for the first time, may provide crucial empirical constraints on models 
of extended coronal heating and acceleration for the fast solar wind. 
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^ . Polar coronal holes are magnetically open large-scale spatial structures that 

^^ I are present for most of the solar cycle, and their role is far from being well 

understood. It is clear that strong connections exist between large coronal holes 

and the highest-speed wind streams (Krieger et al. 1973; Zirker 1977). 

- Recent ground- and space-based observations have reported a variety of 

rS \ phenomena associated with the current solar minimum. Solar cycle 23 was a 

^ ■ longer than expected activity cycle, and the current solar cycle 24 minimum did 

not produce a quiescent equatorial streamer belt. The solar wind during the 

previous sunspot minimum presented a stable bimodal structure, composed of 

low-speed streams around the equator and high-speed streams over the poles. 

However, the solar wind from the current minimum period differs from this 

typical configuration. During this minimum, large low-latitude coronal holes, 

which are also sources of fast solar wind, were located at the equator for an 

extended period of time, unlike in the previous minimum (see, e.g., Calvin et 

al. 2008; Miralles 2008; Tokumaru et al. 2009). 

The current polar coronal holes and the fast solar wind have significantly 
different properties than at the 1996-1997 minimum. In situ observations of the 
solar wind from both polar coronal holes show that the fast solar wind is slightly 
slower, less dense, cooler, and has a lower momentum flux than during the 1996- 
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1997 solar minimum (McComas et al. 2008; Issautier et al. 2008). Magnetic field 
measurements from the Wilcox Solar Observatory and the Michelson Doppler 
Imager (MDI) (Scherrer et al. 1995) on the Solar and Heliospheric Observatory 
{SOHO) show that the polar fields are weaker than in the preceding minimum 
(Sun et al. 2008). In addition, polar hole perimeter measurements using images 
from the Extreme ultraviolet Imaging Telescope (EIT) (Delaboudiniere et al. 
1995) on SOHO indicate a reduction of the coronal hole area in both poles of 
about 15% between 1996 and 2007 (Kirk et al. 2009). 

The exact manner in which the plasma in coronal holes is heated and ac- 
celerated is still unresolved. An improvement in our understanding of the phys- 
ical processes responsible for the solar wind have come from the past decade 
of observations, analysis, and theoretical work associated with the SOHO mis- 
sion. For example, the importance of magnetohydrodynamic (MHD) waves has 
been emphasized by the observations of the Ultraviolet Coronagraph Spectrom- 
eter (UVCS) (Kohl et al. 1995, 2006) on SOHO that heavy ions are heated to 
hundreds of times the temperatures of protons and electrons, and that the ve- 
locity distributions are anisotropic, indicating Alfven wave dissipation via ion 
cyclotron resonance (Kohl et al. 1997, 1998, 2006; Cranmer et al. 1999, 2008). 
These advances were based on observations of polar coronal holes at the last so- 
lar minimum (1996-1997). Coronal holes observed since that time have higher 
electron densities, lower kinetic temperatures, slower outflow velocities, and less 
divergent magnetic field geometries (Miralles et al. 2001a,b, 2002, 2004; Miralles 
2006). It appears that the physical processes controlling the extended heating 
and acceleration may depend on the density and on the magnetic field geometry. 

This paper provides an overview of the physical properties of the polar 
coronal holes during solar cycle 23 and the current cycle 23/24 minimum derived 
from observations by UVCS. In particular, spectroscopic diagnostics in polar 
coronal holes are discussed. The resulting plasma properties of these coronal 
holes are compared. For a review of the physics of coronal heating and solar 
wind acceleration of the associated high-speed solar wind, see Cranmer et al. 
(2010, these proceedings). 



2 North and South Polar Coronal Holes in Cycle 23 

Figure 1 illustrates the evolution of polar coronal holes from 1996 to 2002 with 
solar cycle sunspot activity. During the first half of solar cycle 23, the Sun's 
activity increased from its lowest level in 1996 to its maximum in 2000, then 
decreased again only to rebound in 2001. This second increase in the Sun's ac- 
tivity level created a double-peaked activity maximum (Figure 1, bottom-right). 
During the solar minimum phase (1996-1997), the Sun displayed a coronal hole 
at each of its poles. These polar coronal holes were relatively stable structures 
that existed for several years (see Figure 1). As the solar activity increased, 
the large polar coronal holes shrank and disappeared near solar maximum 2000, 
and other smaller coronal holes emerged at other latitudes (Miralles et al. 2002, 
2004). These coronal holes of varying size, shape, and polarity lasted for sev- 
eral solar rotations. As the solar cycle continued, the coronal holes completed 
their apparent migration to the opposite pole and the Sun's magnetic polarity 
reversed. The times of reappearance of the northern and southern polar coronal 



Tale of Two Minima: Fast Solar Wind 



jM 


1996 
\ 

■ 





AS 




1996 1998 2000 2002 2004 2006 2008 
Date (years) 



Figure 1. Composite representative images of National Solar Obser- 
vatory/Kitt Peak Coronal hole boundary He I 1083 nm (inner) and 
S OHO /LASCO C2 (outer) data for December 1996 (CR 1916), January 1997 
(CR 1918), January 1998 (CR 1932), January 1999 (CR 1945), January 2000 
(CR 1958), January 2001 (CR 1972), and January 2002 (CR 1985), respec- 
tively. Red (blue) colors on the solar disk represent the positive (negative) 
polarity of the field. Bottom right: Monthly averages of international sunspot 
number from SID AC, Belgium. The minimum of solar activity occurred be- 
tween 1996 and 1997; the maximum of solar activity between 2000 and 2001. 



holes differed by over one year in solar cycle 23. The north polar coronal hole 
reappeared in February 2001 (Miralles et al. 2001b, 2002) nearly simultaneously 
with the large-scale magnetic polarity reversal of solar cycle 23 (Wang et al. 
2002). The reformation of the north polar coronal hole with the new magnetic 
polarity began with the development of a high-latitude coronal hole. It was an 
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elongated structure of ^ 135° in longitude and ^ 10°-20° in latitude (Miralles 
et al. 2001b). The development of the polar hole and the subsequent expansion 
into the north polar region occurred within 8 solar rotations (Miralles et al. 
2001b). At the end of that time, the new polarity coronal hole covered the pole; 
it was still large and asymmetric in shape. The south coronal hole appeared 
during mid-2002 (Miralles 2003). By 2006, the polar coronal holes were well 
developed. 

We have used the UVCS instrument to monitor the evolution of both polar 
coronal holes from 1996 to present. The UVCS instrument has been described 
by Kohl et al. (1995, 2006). The analysis of the coronal hole data set has 
been described by Miralles et al. (2004). The in-flight radiometric calibration of 
UVCS is described by Gardner et al. (1996, 2000, 2002, 2010 these proceedings). 
Here we present results for a subset of polar coronal holes, where foreground and 
background streamer contributions have been removed as described by Miralles 
et al. (2001b) and only the broad coronal emission attributed to the polar coronal 
hole is shown. Results for the entire coronal hole data set in solar cycle 23 will 
be presented in a future publication. 



3 Polar Coronal Hole Properties versus Solar Cycle 

Figure E] shows the variation of O VI line widths (top) and the O VI line ratio 
(bottom) with time during solar cycle 23 at a height of 2.4 Rq. If we look at 
the O VI line width data for the polar coronal holes, we can see that at solar 
minimum, the line widths were broad and the temperature of the plasma was the 
highest. When the north and south polar coronal holes reformed in early 2001 
and mid-2002, respectively, the O VI line widths were narrower. After 2002, 
the line widths became progressively broader. After 2006, the north and south 
polar coronal holes started the approach to the extreme plasma temperatures 
measured with UVCS at the last solar minimum (1996-1997). 

If we look at the O VI line ratio for the polar holes at a height of 2.4 i?©, we 
can see that the lowest O VI line ratios (i.e., the highest outflow speeds) were 
measured at solar minimum. When the north and south polar holes reformed in 
2001 and 2002, respectively, the ratios were at the highest values measured for 
polar holes in this cycle implying that the outflow speeds for those new-polarity 
polar holes were the lowest. After 2002, the O VI line ratios decreased with 
time and the outflow speed of the polar holes became larger along the cycle. In 
early 2007, the north and south polar coronal holes reached the values of the 
fast outflow speeds measured by UVCS at solar minimum in 1996-1997. 

Figure 3 (top) shows the variation in integrated line intensities for O VI 
1032 A in both north and south polar coronal holes at a height of 2.4 Rq. After 
solar maximum, when the north and south polar coronal holes reappeared, the 
intensities were higher than at the 1996-1997 solar minimum. After that, the 
intensities show a downward trend and reached solar-minimum values by 2007. 
In July 2008, there seems to be a decrease in the O VI 1032 A intensities. This 
seems to be co-temporal with lower EUV irradiance values observed toward the 
end of 2008 (Woods 2010, Didkovsky et al. 2010, these proceedings). This may 
be the result of a higher electron temperature or a lower electron density. This 
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Figure 2. O VI 1032 A line widths (top) and O VI line ratio (bottom) versus 
time at a height of 2.4 Rq for polar coronal holes observed at different phases 
of solar cycle 23 and the cycle 23/24 minimum: 1996-1997 solar minimum 
(blue circles), north (red circles), and south (green circles) polar coronal holes. 
Gray bands show the interruptions of SOHO operation. 



change in coronal intensities may be consistent with lower electron temperatures 
and densities measured in the heliosphere (e.g., McComas et al. 2008). 

Figure [3] (bottom) shows the O VI line widths versus the O VI line ratio 
at a height of 2.4 Rq for large coronal holes observed at different phases of the 
solar cycle. There seems to be a trend in the physical properties of these coronal 
holes. For large coronal holes, the heavy ions show a strong correlation between 
their perpendicular heating and their wind speed (Miralles et al. 2002, 2004). 
There are clearly "zones of avoidance:" low line intensity ratios do not occur 
with the narrowest profiles, and large line ratios do not occur with the broadest 
profiles. In addition, polar coronal holes seem to occupy a different range in 
parameter space than low-latitude (equatorial and mid-latitude) coronal holes 
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Figure 3. O VI 1032 A integrated line intensities versus time (top) and 
O VI 1032 A line widths versus the O VI line ratio (bottom) at a height 
of 2.4 Rq for polar coronal holes observed at different phases of solar cycle 
23 and the cycle 23/24 minimum: 1996-1997 solar minimum (blue circles), 
north (red circles), south (green circles) polar coronal holes, and low- latitude, 
mid-latitude, and equatorial (squares) coronal holes are shown. 



at a height of 2.4 Rq. Polar coronal holes have O VI line ratios between 0.8 and 
1.9, and line widths between 300 and 410 km s~^. Low-latitude holes have O VI 
ratios between 1.8 and 3.3, and line widths between 200 and 360 km s~^. Polar 
coronal holes show the most extreme plasma parameters, even at reformation 
after solar maximum, in comparison to other coronal holes at lower latitudes. 



4 Summary 

IJYCS/ SOHO spectroscopic observations of polar coronal holes during solar cy- 
cle 23 have shown marked variations of ion properties in the solar wind acceler- 
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ation region. Polar coronal holes seem to exhibit different kinetic temperatures 
and acceleration rates. These observations show that the north and south polar 
coronal holes in 2007-2009 exhibited similar extreme properties (intensities and 
line widths) as those measured by UVCS in the 1996-1997 previous minimum. 
From the analysis of the line widths, we can infer that the O VI heating seems 
as strong as in the previous solar minimum. A slight decrease in the polar coro- 
nal O VI intensities is seen that may be consistent with in situ measurements 
of lower electron temperatures and densities in the fast solar wind. The coro- 
nal magnetic field is ^ 40% lower (Sheeley 2010, these proceedings), but this 
magnitude of decrease in the ion heating may not be present in the corona. 
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